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NONEQUILIBRIUM RADIATION AND CHEMISTRY MODELS
FOR AEROCAPTURE VEHICLE FLOWFIELDS

I. Introduction

This report covers approximately the period July 1990
thru December 1990. The primary tasks during this period
have been the study of nonequilibrium chemical and radiation
models and coupling, the evaluation of various electron-
electronic energy models, the continued development of
improved nonequilibrium radiation models for molecules and
atoms, the development of precursor models and investigation
of precursor phenomena, and the development of vibrational

nonequilibrium models.
II. Personnel

The staff associated with this project during the
present reporting period have been Dr. Leland A. Carlson,
Principal Investigator, and Thomas A. Gally, Scott Stanley,
and Derek Green, Graduate Research Assistants. It should be
noted that Mr. Gally is currently supported by a NASA
Graduate Student Researchers Fellowship from NASA Johnson
Space Center and will use the results of his research on
this project in his Ph.D. dissertation. His research is
primarily in the areas of nonequilibrium chemical and
radiation models, electron-electronic energy models, and the
development of the radiation coupled nonequilibrium viscous
shock layer code. Mr. Stanley, who was supported by this
project, used the results of his research into precursor
phenomena for his masters' thesis and graduated in December
1990. Mr. Green was supported by the department during this
reporting period and has been developing vibrational
nonequilibrium models for the VSL code. Beginning January
1, 1991 he will be supported by the project. 1In addition,
an additional departmentally supported graduate student,
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Rajeev Koteshwar, is conducting masters' research on
flowfields involving carbon species; and it is anticipated
that portions of his work will have applications to the

present project.

III. Nonequilibrium Chemical and Radiation Models

and Coupling Phenomena

Most of the effort conducted in this area during the
present reporting period is summarized in detail in AIAA
Paper 91-0569. This paper was presented in January at the
ATAA 29th Aerospace Sciences Meeting and a copy is included
in this report in Appendix I. Briefly the work has involved
the development of detailed nonequilibrium radiation models
for molecules along with appropriate models for atoms, the
inclusion of nongray radiation gasdynamic coupling in the
VSL code, the development and evaluation of various
electron-electronic energy models, and an examination of the

effects of shock slip.

As a result an engineering flowfield model suitable for
analyzing the stagnation region of high altitude entry
vehicles having extensive nonequilibrium has been developed.
This model includes nonequilibrium chemistry, multi-
temperature, viscous conduction, and diffusion effects. It
also, as 1indicated, includes coupled nongray radiative
transfer in a form that contains the effect of 1local
thermodynamic nonequilibrium phenomena resulting from
chemical and thermal nonequilibrium on the emission and
absorption characteristics of atoms and molecules. The
boundary conditions include multi-temperature shock slip and
a partially catalytic wall having frequency dependent
radiative properties. After comparing with flight data from
five Fire 2 trajectory points, which verified that the model
has the correct behavior and is reasonably accurate, it has
been applied to a variety of cases including two AFE
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trajectory points, a condition representative of high speed
return from Mars of a small vehicle, a series of points at
80 km for velocities 12 to 16 km/sec, and a study of the
effects of altitude at 16 km/sec.

These studies have shown the following:

(1) Shock slip phenomena is important at all conditions

investigated.

(2) Radiation cooling/coupling is important for many
cases. Specifically,

(a) It is measureable even in the early portions of the
Fire 2 trajectory.

(b) It is minor effect for the AFE conditions
investigated.

(c) At 80 km, it is small at 12 km/sec, important by
14 km/sec, and the dominant phenomena at 16 km/sec at all
altitudes.

(d) It is very important for the high speed Mars

return case.

(3) Radiation heat transfer should be included and
varies as to source. Specifically,

(a) In the early stages of the Fire 2 entry, the
radiative transfer is primarily molecular and infrared
lines. Later, atomic VUV continuum and line radiation
becomes very important.

(b) For the AFE, radiation, while small, is imporant
and primarily molecular. It is probably mostly Nyt (1-).

(c) At 12 km/sec and above radiation is a significant
portion of the total heating and is primarily due to atomic
processes. By 14 km/sec it is dominant.



(4) Local thermodynamic nonequilibrium (LTNE) is
important and should be included in all models. In
addition,

(a) LTNE depopulates the excited states of atoms and Ny
molecules in the post-shock nonequilibrium region.

(b) LTNE can lead to an overpopulation of excited
states in regions of radiative cooling and in the wall

thermal layer.
(c) N2+(1—) is relatively unaffected by LTNE.

(d) The importance of LTNE is independent of radiative
coupling.
(e) The inclusion of LTNE reduces the magnitude of

radiation cooling effects.
Again, details are presented in Appendix I.

In addition, during this reporting period work has
continued on the development of the second order
nonequilibrium atomic radiation model discussed in the last
progress report. Instead of assuming that the excited
states of atoms are in equilibrium with the free electrons
and ions, this improved model uses finite rates to actually
determine the population of a pseudo-excited species. In
this model, all of the excited states are represented as a
single species, N*, and work is in progress to determine the
appropriate reaction rates associated with the population
and depopulation of such excited states. As a first effort,

only collisional mechanisms are being considered.

In Figure 1 some very preliminary results obtained
using this second order nonequilibrium atomic radiation
model approach in conjunctrion with the nonequilibrium
molecular model are presented. The flowfield conditions and

boundary conditions for this stagnation line case are 14
km/sec at 80 km with Rpgge = 2.3 m. These results were



obtained using the full electron-electronic equation model,
and thus they can be compared to those on Fig. 12 of AIAA
91-0569, which were obtained wusing the first order
nonequilibrium atomic radiation model. Examination of these
preliminary data indicates that compared to those obtained
with the first order model, the post shock chemical
nonequilibrium region is smaller and the electron
temperature peak is slightly closer to the shock front at a
slightly lower value. Also, the outer twenty-five percent
and inner ten percent of the stangation region is in 1local
thermodynamic nonequilibrium in that the N* population is
not that predicted by a Boltzmann distribution. Further,
unlike the first order model, the new excitation rate is
sufficiently fast to maintain local thermodynamic
equilibrium in the interior of the flowfield, even with
extensive radiative cooling and coupling. In fact the new
rates, which are very preliminary at this point, lead to
higher radiative cooling in the outer portions of the shock
layer. The subsequent effect is to cool the shock layer,
which 1leads to slightly 1lower wall radiative heating
predictions than those obtained with the first order model
(See AIAA 91-0569).

Again it is emphasized that the results on Figure 1 are
very preliminary; and definite conclusions should not be

inferred at this point.

IV. Precursor Studies

During the past six months, the initial research into
shock wave precursors and their subsequent affect on the
nonequilibrium shock layer around AOTV type vehicles has
been completed. The theory and primary results of this
effort are presented in detail in the masters' thesis of
Scott Stanley, which comprises Volume II of this report. 1In
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addition, a wuser's manual for the precursor has been

written; and it is included as Volume III of this report.

As discussed in previous progress reports, this initial
precursor study only included precursor effects resulting
from photoprocesses involving continuum absorption phenomena
and neglected in the pre-shock region collisional chemistry
and atomic line absorption. However, in the treatment of
the shock layer, radiative gasdynamic coupling and cooling
and 1local thermodynamic nonequilibrium atomic 1line and
continuum as well as LTE molecular processes were included
in the radiation analysis. Also, in the shock layer multi-
temperature effects were included by using the quasi-
equilibrium electron energy model (QEE). However, in the
precursor, because of the sensitivity to electron and
electronic energy, a full electron-electronic energy model
was utilized. In all cases, the vehicle was considered to
have a nose radius of 2.3 m; and the freestream was assumed

to be nitrogen.

In Volume II detailed results are presented for the
precursor and the shock layer for the vehicle at 16 km/sec
at an altitude of 72 km since at this condition the
magnitude of the precursor effects was the largest of the
cases investigated. In addition, parametric studies are
presented for the precursor at 72, 75, and 80 km at lé6km/sec
and for velocities of 12, 14, and 16 km/sec at 80 km. While
not presented in Volume 1II, many other cases were
investigated; and these are summarized in a series of
miscellaneous figures included in this volume in Appendix
II.

An attempt was also made to compare results obtained
with the present model with experimental data measured by
omura and Presleyl, who, using a shock tube having an
initial pressure of 0.2 torr, measured electron densities in
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front of a 11.89 km/sec shock wave in nitrogen. Since the
present model is for the stagnation region of a blunt body,
a direct comparison with an incident normal shock could not
be made. Consequently, two approaches were tried. The
first attempted to simulate the Omura and Presley case using
binary scaling, assuming that the <corresponding nose
diameter for the shock tube case was 30.48 cm (1 foot).
This value was selected since it would give the correct area
of the radiating shock layer. The conditions for this case
were Ujpf = 11.89 km/sec, Tipnf = 300 ©K, pijpf = 38.61
dynes/cm2, and Rnose = 210 cm. The second case used Omura
and Presley's freestream conditions "directly" and assumed
Rnose to be 15.24 cm (6 in.). Unfortunately, neither of
these approaches is a true simulation since actually the
radiating shock layer should be the same thickness as the
slug of shock tube gas between the shock front and the
contact surface. However, the latter dimension was unknown.

Results obtained using the present precursor model by
these two approaches are shown on Figure 2. Interestingly
the predictions using binary scaling and that using the
actual Omura and Presley conditions yield virtually
identical nondimensional results, which indicates that for
these conditions precursor phenomena appear to scale
binarly. However, what is even more surprising is that the
prediction for the electron densities in the region
immediately in front of the bow shock are in reasonable
agreement with those measured immediately in front of the
incident shock wave in the shock tube. Also, far away from
the shock front, the present predictions are below the
measured values of Omura and Presley. This behavior would
be expected since in the shock tube wall reflection would
increase the radiation intensity, and thus the
photoionization, to values above those expected for a
similar sized flight vehicle. While the results presented



in Figure 2 do not verify the present model and program
because the simulation is not "perfect", they do indicate
that it has the correct phenomenological behavior and that

its predictions as to magnitudes are reasonable.

In summary, the precursor studies of this project have
developed a method to calculate the chemical and thermal
nonequilibrium precursor flowfield resulting from continuum
radiative absorption processes in the pre-shock region. 1In
particular, a model which properly includes photoprocesses
in the electron-electronic energy formulation has been
developed; and a similar approach could be used to include
these processes in the shock layer model. In addition, it
has been shown that precursor effects in front of the shock
wave significantly change the pre-shock electron temperature
and induce significant ionization. However, a series of
detailed parametric tests indicate that these effects, while
significant, have negligible effect on the shock layer and
the radiative flux to the body.

In examining these results and conclusions, it should
be noted that they are for a nitrogen freestream only and do
not include in the precursor region line absorption by atoms
or collisional chemistry effects. While the 1latter two
phenomena probably tend to have counteracting effects, the
absorption of radiation by oxygen in an air precursor could
be significant. Nevertheless, the results of this study
indicate that precursor phenomena, while interesting and
significant, have 1little effect on the actual shock layer

chemistry, flow properties, or radiative transfer.

V. Vibrational Nonequilibrium Studies

During the past six months, an effort has been
initiated to develop for inclusion in the nonequilibrium
radiating viscous shock layer code a vibrational
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nonequilibrium model, which would convert the present code
from a two-temperature to a three-temperature approach.
While it is eventually planned to also include as an option
the Park (T*Tyip)0-® model, the present effort has
concentrated on the MCVDV model?. This approach retains the
CVDV vibration dissociation model of Treanor and Marrone3,
but it has been appropriately modified to include the
vibrational translational relaxation cutoff time and
diffusive nature coefficient suggested by Park4. In
addition, the present model also includes electron-
vibrational coupling in both the vibrational energy model
and in the electron-electronic model. It should be noted
that in the present formulation, unlike the original CVDV
and MCVD models which utilized separate vibrational
temperatures for each species, the present model utilizes a
vibrational temperature which is representative of the total
energy of all vibrating species. In other words, like Park?
and Gnoffo®, only a single vibrational temperature is

utilized.

Quite obviously, in all current vibrational models
there are several terms, such as the relaxation time cutoff,
diffusive factor form, electron-vibration coupling term,
etc. which are to a great extent empirical or which contain
empirical coefficients. Thus, as part of the present
effort, the code is being formulated so that these various
terms can be included or excluded at the user's option. In
this way the effect and importance of these terms can be

investigated.

Figures 3 shows some very preliminary results obtained
using the three temperature model at one of the CFD points
associated with the AFE. This condition is of interest
because it is in a flight regime where vibrational

nonequilibrium phenomena should be important. The present



results are for a nitrogen freestream, include shock slip,
assume a Lewis number of 1.4, and are similar to that on
Fig. 7 in AIAA 91-0569. While the method is still under
development and being debugged, these results show
significant three temperature nonequilibrium in the chemical
nonequilibrium zone behind the shock front with, due to
vibration-dissociation coupling, a consequent decrease in

the rate of dissociation.

In addition, and perhaps somewhat suprisingly, they
also indicate thermal nonequilibrium in the thermal boundary
layer near the wall. Examination of the results indicate
that this thermal nonequilibrium is due to diffusion of
cooler vibrating molecules away from the wall, which lowers
the average Tyjp below Tgyan- Then strong electron-
vibrational coupling leads to a lowering of the electron-
electronic temperature below the translational values. This
strong influence of diffusional phenomena is one of reasons
it is planned to examine diffusion modeling during the next

reporting period.
VI. Publications

In January 1991, AIAA Paper 91-0569, "Nonequilibrium
Chemical and Radiation Coupling Phenomena in AOTV
Flowfields", was presented by L. A. Carlson and T. A. Gally.
A copy of this paper is included in this report as Appendix
I.

In addition, abstracts of two proposed papers were
submitted to the 22nd AIAA Fluid Dynamics and Plasma
Dynamics Conference to held in June 1991. The first, by
Thomas A. Gally and L. A. Carlson is entitled "A Flowfield
Coupled Excitation and Radiation Model for Nonequilibrium
Reacting Flows"; and second is "The Effects of Shock Wave
Precursors Ahead of Hypersonic Entry Vehicles" by Scott A.
Stanley and L. A. Carlson. Both of these papers have been
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accepted for presentation, and copies of the abstracts are

included as Appendices III and 1IV.

Finally, based upon information from the AIAA, the
paper "The Effect of Electron Temperature and Impact
Ionization on Martian Return AOTV Flowfields" by Carlson and
Gally should appear in the January 1991 issue of the Journal

of Thermophyvsics and Heat Transfer.

VII. Future Efforts

During the next reporting period it 1is planned to
continue the development of the nonequilibrium radiating
reacting shock layer model. Particular emphasis will be
placed on the development and refinement of the second order
atomic nonequilibrium radiation model and on the inclusion
of vibrational nonequilibrium effects. It is planned to
include not only the MCVDV type of model but also a Park
type model and to compare the two approaches.

As mentioned above, there have been many instances in
the cases investigated to date in which diffusion phenomena
have strongly influenced the result. Unfortunately, most of
the current multicomponent diffusion models have various
limitations. For example, the Moss® model in its presented
form does not explicitly account for multiple temperatures
and is complicated; while the model used by Gnoffo®, which
includes multi-temperature phenomena, is only "exact" if the
diffusing species is a trace species’. Likewise the model
in the present code, while implicitly accouting for multi-
temperature effects only via the species concentrations, is
highly approximate in its use of a single constant Lewis

number.

Consequently, during the next reporting period it is
planned to examine diffusion models and ©perhaps to
11



incorporate an improved multi-component multi-temperature
model into the shock layer code. It is anticipated that
this model will still utilize the ambipolar concept and

assume that electrons and ions diffuse together.

Finally, it is hoped that during the next reporting
period the present studies will be extended to include a
portion of the forward face of a vehicle. Also, initial

efforts to model air as well as nitrogen will be conducted.
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Nonequilibrium Chemical and Radiation Coupling
Phenomena in AOTYV Flowfields

Leland A. Carlson*
and
Thomas A. Gally**

Texas A&M University
College Station, Texas

Abstract

A flowfield model for the nonequilibrium stagnation re-
gionof high altitude entry vehicles which includes nonequilibrium
chemistry, multi-temperature, viscous, conduction, and diffusion
effects is presented. It contains coupled nongray nonequilbrium
radiative transfer for atoms and molecules and local thermo-
dynamic nonequilibrium phenomena. Comparison with Fire 2
flight data verifies that the model is reasonably accurate; and
it has been applied to two AFE trajectory points, a high speed
return from Mars, a series of points at 80 km for 12 to 16
kmisec, and three altitudes at 16 km/sec. Based on these resulls
shock slip is significant, radiation cooling/coupling is minor at
AFE conditions but important by 14 kmisec and dominant at 16
kmisec, radiation for the AFE is small but important and primar-
ily molecular, above 12 kmisec atomic radiation is a significant
or dominant portion of the total heating, and local thermody-
namic nonequilibrium is important and should be included in all
models.

Nomenclature

¢, = mean thermal velocity of electrons
¢, = specific heat at constant pressure
F = ionization potential
h = enthalpy
k = Boltzmann constant
m = mass
N = number density
n, s, ¢ = coordinate axis
p = pressure
Q =rate of inelastic energy exchange
T = Temperature
u, v, w = mass averaged velocity components
U = diffusional velocity
vy, = shock standoff distance
D = binary diffusion coefficient
€ = Reynolds number parameter
¢ = magnitude of electron charge
7 = heat conduction coefficient
¢, = rate of elastic electron energy exchage
p = density
& = wall sheath electric potential

*  Professor Aerospace Engineering, Associate Fellow AIAA
**  NASA Graduate Student Researcher, Student Memeber
AIAA
Copyright ©1991 by the American Institute of Aeronautics
and Astronautics, Inc. All rights reserved.

subscripts
e = electron
eI = electron impact reaction
r = species
s = value behind shock
superscripts
e = electronic

n, n + 1= iteration step
ir = translational

Introduction

In the future, various space programs will be conducted
which will require the efficient return of large payloads from
missions to the moon or to planets such as Mars. To accomplish
this task, the return vehicles will either utilize direct entry at
very high velocities or aerocapture techniques. In either case,
a significant portion of the entry will involve high velocities at
high altitudes; and, during this part of the trajectory, the vehicle
flowfields will be dominated by chemical, thermal, and radiative
nonequilibriumphenomena. To design and operate such vehicles,
it is essential to develop engineering flowfield models which
appropriately and accurately describe these chemical, thermal,
and radiative nonequilibrium processes and the coupling between
them.

Previously!, the importance of properly predicting electron
temperature and modeling electron impact ionization was
investigated and a quasi-equilibrium free electron energy model
and a two step ionization mode! formulated. In addition,
an approximate method of handling nonequilibrium atomic
radiation, which assumed that the excited states of atoms are
in equilibrium with the local free electrons and ions, was
developed!~3 and applied to an eight step nongray emission-
absorption radiation model. While the results obtained with these
models were informative, the lack of detail in the radiation model,
particularly with respect to atomic lines and the bands associated
with molecular ions, and the highly approximate nature of the
nonequilibrium molecular radiation portion of the model, which
for some molecular bands appeared to underestimate the actual
radiation, indicated a need for improvement. Further, while the
quasi-equilibrium free electron energy model and its associated
assumption that the electronic temperature was determined solely
by the free electron temperature should be a good approximation
for many conditions of interest in aerocapture and entry, it was
felt that additional models should be developed in an effort to
improve the modeling of electron energy, and hence temperature,
due to its importance in determining nonequilbirum ionization
chemistry and radiative transfer.



closely predicted by a Boltzmann distribution. Likewise N2(1+)
typically displays only a slight correction (from unity) for the
source function but a significant decrease from that predicted
using Boltmann distributions in the absorption coefficient. This
trend is also “expected” since N»(1+) involves two excited states,
B and A. On the other hand, while the absorption coefficient
factor for N2(2+) is similar to that for N2(1+), the source function
for No(2+) is typically significantly reduced in the chemical and
thermal nonequilibrium region behind the shock front, indicating
that pre-dissociation is significantly depleting the population of
the C electronic state.

The most interesting result, however, is that the Na*(1-)
radiation is usually only slightly affected by nonequilibrium
phenomena. This result is in agreement with experiments which,
at least at lower velocities, have indicated a strong Na*(1-)
contribution. However, since the number density of Na* is often
only significant in the region immediately behind the shock front,
any Np*(1—-) radiation should originate from that region. This
feature will be discussed further in the results section.

Another interesting phenomena associated with the molecu-
lar nonequilibrium radiation is that often in the thermal boundary
layer near the wall, several of the factors accounting for LTNE
exceed unity and become large. This behavior indicates an
overpopulation of excited states above values which would be
predicted by a Boltzmann distribution when intuitively an equilib-
rium distribution might be expected due to the increased density
near the wall. However, the thermal boundary layer is often in
significant nonequilibrium since the chemical reaction rates are
finite and cannot keep up with the true local equilibrium, which
leads to atom and sometimes ion concentrations above local
equilibrium. In addition, diffusion tends to perturb the species
population densities and leads to atom and ion densities above
equilibrium values, which in tun creates enhanced molecular
excited state populations. This enhancement, however, does not
lead to increased radiative emission near the wall; and in fact,
probably due to the lower electron-electronic temperature in that
region, it does not, for the cases examined, appear to affect the
radiative heat transfer. Thus, in the present studies limitations on
the molecular nonequilibrium correction factors have not been
imposed. '

Nonequilibrium Atomic Radiation Model

Local thermodynamic nonequilibrium effects (LTNE) on
atomic radiation are also computed by applying correction
factors which account for the deviations in state populations
from Boltzmann distributions to the absorption coefficient and
source function values utilized in the radiative analysis. Such
atomic LTNE definitely exists in the chemical nonequilibrium
region immediately behind the shock front!~%87 where, due
to ionization via excited states, the populations of the electronic
states will be lower than predicted by an LTE assumptionusing the
ground state. Likewise, in regions of recombination the reverse
processescan lead to state populations above those obtained using
LTE.

The current model, which should probably be termed a first
order approximation, has been presented previously in Ref. 1-3

and similar models have been used for monatomic gases®—!!.
Briefly, this model assumes that atomic ionization proceeds by
excitation from the three low ground states (for nitrogen) to the
high excited states followed by rapid ionization. Consequently,
the model assumes that excitation from the ground states to the
higher states is a rate limiting step for the ionization process
and that the excited states, because of their energy proximity to
the ionized state, are in equilibrium with the free electrons and
ions. With this approach, for example!~3, the atomic nitrogen
LTNE correction factor, which represents the ratio of the actual
population in an excited state to that which would exist for a
Boltzmann distribution, can be written as

Ny+ NeQ%ezp(169000/T.)

NNij.q-Qe (1)

This factor is usually less than one in jonization regions and
can be greater than one in zones involving extensive deionization.
For the results presented later, it was usually applied with no
restrictions.

In contrast, Park!? and Kunc et al*® handle atomic LTNE
by using a quasi-steady analysis in which, while rate processes
between all the bound states and between the bound states and
the ionized state are assumed finite, they are assumed to be fast
relative to changes induced by the flowfield. Thus, at any point in
a flowfield an equilibrium between the states will exist which is
perturbed from a Boltzmann distribution due to radiative effects.
Kunc et al have performed calculations in which they specify the
electron temperature and the total number of charged particles
(defined as two times the number of atoms plus the number of
ions plus the number of electrons), leaving the actual number of
ions and free electrons to be determined as part of the unknown
populations.

Park, on the other hand, in the application of his method®
assumes the number of ions and electrons to be given by a
flowfield solution. Under this approach, a non-Boltzmann
distribution can be achieved even in the absence of radiation,
if the number of ions and electrons differs from equilibrium. To
be totally correct, however, the excitation and ionization rates
associated with each level must overall be consistent with the
ionization rates used in the flowfield solution.

Obviously, the present first order approach and those of Park
and Kunc et al represent the extremes of modeling LTNE atomic
phenomena. While the present first order approach is simplified
in its assumption that the rates between the excited states and the
free ions and electrons are infinitely fast (i.e. local equilibrium),
it does directly couple the predicted excited state populations to
the flowfield and, unlike the detailed quasi-steady approaches,
it is not computationally intensive. In addition, the latter are
sensitive to the choice of the individual rates; and it is difficult
1o know which rate (o adjust when comparing with experimental
results and attempting to improve the correlation. Finally, the
present model when coupled with a compatible electron impact
jonization rate has been shown to yield good agreement with

experimental ionization distances®.



and h, and h are geometric factors for the axisymetric coordinate
system.

This full electron energy equation is integrated into the VSL
code by setting up the terms in the same form as those for the
global energy equation and then solving the equations using the
existing routine for solving the global energy equation. In the
cascade order of solving the governing conservation equations
typical of VSL methods, the electron energy equation is included
folowing the global energy equation, which is where the QEE
or QEEE equation is normally included. Initially, the electron
energy equation was not well behaved when solved in this manner
primarily due to the large order of magnitude of the elastic and
inelastic exchange terms, which, since they are nonlinear, were
originally included explicitly in the calculations. Consequently,
to provide iterative stability, these terms have been linearized as
follows:

(GRYT =T + (T = 77) (530 ) ()

(10)

Another item which needs to be considered in modeling
electron-electronic energy is the proper boundary condition on
electron temperature at the wall. In most past analyses™'?, it has
been assumed that at the wall the electron temperature is equal
to the wall temperature. Since the heavy particle temperature
is also assumed equal to the wall temperature at the wall, this
approach effectively assumes that the electron temperature is
equal to the heavy particle temperature. At first, this approach
seems reasonable and follows the philosophy that in the thermal
boundary layer near the wall the flow should be near equilibrium
and collisiondominated. However, in the thermal boundary layer
the chemical rection rates are finite and often cannot keep up with
local equilibirum. Thislag combined with diffusion leads to atom,
ion, and electron densities above equilibrium values and in turn
enhanced excited state populations. In addition, as can be seen
in the electron-electronic energy equation, ionic recombination
yields an increase in electron energy and tends to force the
electron temperature above the heavy particle temperature.

Further, since almost all walls are catalytic to ions and
electrons, there exists a thin plasma sheath adjacent to the wall
across which a potential develops in order to maintain zero charge
flux at the sheath edge. Since the thickness of the plasma sheath
is negligible in comparison to that of the wall thermal layer,
the edge of the sheath can be construed as being physically at
the wall. Thus, the proper wall boundary conditions on the
continuum equations should be obtained by matching the particle
description in the plasma sheath to the corresponding continuum
description at the wall. Examination of appropriate sheath models
shows that continuity of electron energy flux requires

a7,
(ﬂc F) - pU. he)
n

o —gn gy (%)
£¢r+1 _fcr + (T:‘+1 T;ﬂ) (3T, )

n=0

_ N.c. —]ed|
= [2kT, + |e®(] 1 ezp( kT.) (11)

where the sheath potential is determined by enforcing charge
neutrality at the sheath edge. Further analysis indicates that
the heavy particle species, being in good contact with the wall,
should be at the wall temperature. An approximation of this
type of electron boundary condition has been incorporated as an
option into the present full electron-electronic equation model.
Since the present flowfield formulation does not include
vibrational nonequilibrium, the above electron-electronic energy
models do not include vibrational-electronic coupling. While this
phenomena should not be important at higher entry velocities due
to the rapid dissociation of diatomic species in and near the shock
front, it could be important at lower velocities. Thus, efforts are
in progress to include vibrational nonequilibrium and vibrational
electronic coupling; and these will be reported in a later paper.

Discussion of Results

Several sets of results obtained using the above methods and
models are presented in this section. In all cases, results are for
the stagnation streamline, utilize ninety-nine points between the
shock front and the wall, and, for simplicity, assume a nitrogen
freestream. The nonequilibrium chemistry model is similar to
the Case II set of Ref. 1 and is shown in Table I; and it should be
representative of high temperature radiating air. For diffusion, the
approximate multi-component model of Ref. 18 has been used
with a Lewis number of 1.4. Since in a high temperature ionized
diatomic gas, charge exchange and ambipolar effects cause atoms,
jons, and electrons to all have to a first approximation similar
diffusion velocities, such a gas should be dominated by only
two diffusion velocities, that of the molecules and that of the
atoms, ions, and electrons. Thus, the present model should
adequately represent the diffusion phenomena present, including
multi-component effects. In addition, except for the Fire 2 cases,
the wall has been assumed to be radiatively black, noncatalytic
to atomic recombination, fully catalytic to ionic recombination,
and at 1650°K. This value, which corresponds approximately
to the maximum possible for a nonablating surface, has been
used for convenience and to illuminate cool wall phenomena.
However, it is recognized that for many cases of interest the heat
transfer load will be more than adequate to induce ablation and to
raise the wall temperature to significantly higher values. Finally,
in all cases, unless stated otherwise, shock slip is assumed,
coupled nongray radiative transfer has been included, and local
thermodynamic nonequilibrium effects have been accounted for
using the molecular and first order atomic models described
above.

Fire 2 Cases

In order to ensure that the present method and models are
reasonably correct and appropriate, results have been obtained
for five trajectory points along the Fire 2 entry profile covering
the time period from 1634 through 1637.5 sec. These points were
selected because they encompass a period of the flight involving
extensive chemical and thermal nonequilibrium and changing
radiative behavior. These results have been computed assuming
a fully catalytic wall at the wall temperature measured in flight,
and the full electron-electronic energy model has been used in



The results, presented on Figs. 6(a) and 6(b), were obtained
using the quasi-equilibrium free electron energy model without
the electron impact molecular dissociation reaction, and profiles
obtained with both fixed and slip shock jump conditions using
a Lewis number of 1.4 are portrayed. As shown, the electron
temperature rapidly rises behind the shock front and equilibrates
with the heavy particle temperature. However, as evidenced
by the continual decrease in temperature and the variations in
composition across the shock layer, the stagnation flow for this
case is always in chemical nonequilibrium. Also, the wall
thermal layer comprises approximately twenty percent of the
12.2 cm thick shock layer. For this case, the convective heating
was 13.55 watts/sq cm, the total radiative heat flux to the wall was
1.56 watts/sq cm, and radiative cooling effects were insignificant.

With respect to temperature, the effects of slip versus fixed
shock jump conditions seem to be confined to a small region
immediately behind the shock front. However, the impact on
concentrationand particularly on total enthalpy are significant. In
fact, the total enthalpy profiles clearly show that the fixed shock
boundary condition results in an incorrect value for enthalpy
in the interior of the shock layer, leading to incorrect species
concentration values. Interestingly, when a Lewis number of one
is used with the fixed shock boundary conditions the enthalpy
profile appears to be correct and when a value less than unity
is used, the enthalpy is high in the flow interior. However, for
the shock slip condition, the enthalpy profiles are unaffected by
Lewis number. Since a Lewis number of 1.4 is more appropriate
for describing atom molecule diffusion, which is the dominant
diffusion mechanism in this flow, and since the enthalpy ratio in
the flow interior in the absence of significant radiative cooling
shouldbe unity, these results demonstrate the importance of using
slip shock boundary conditions at these conditions.

Since at these conditions, vibrational nonequilibrium should
also be important, it is planned in a future paper to present results
which include vibrational nonequilibrium. Also, it should be
noted that since the results shown on Fig. 6 are for a nitrogen
freestream, the radiative heating values in air, based upon the
Fire 2 data, will probably be slightly higher.

AFE CFD Point 4

This condition corresponds to a *max Q" point for a heavier
AFE vehicle at which the freestream conditions are 9.326 km/sec,
26.4 dynes/ sq cm, and 200°K. Stagnation line temperature and
concentration profiles are presented on Fig. 7, which compares
results obtained using the quasi-equilibrium electron-electronic
model (QEEE) including the electron impact dissociation reaction
with those using the quasi-equilibrium electron (QEE) energy
model only. The primary effect of using the QEEE model
is more extensive thermal nonequilibrium and a lower electron
temperature through much of the shock layer. Also, the combined
effect of electron impact dissociation and the QEEE model leads
to a more dissociated flow having slightly different N2 and No*
profiles.

However, the most significant difference in the two models
is the radiative heat transfer. For the QEEE case, the lower
electron temperature yields a total radiative flux of 1.18 watls/sq

cm, a shock standoff distance of 11.96 cm, and a convective
heating of 25.8 watts/sq cm. For the QEE model it is 2.91
waltts/sq cm., 11.89 cm, and 25.7 watts/sq cm respectively.

Fig. 8(a) shows the stagnation point continuum and line
radiation distributions predicted with the QEEE model. In
the actual radiative transfer analysis, lines are considered and
integrated individually, but they are presented on Fig. 8(a) as
average values for various line groups for convenience. While
there are many infrared line groups and some in the ultra-violet,
the line contributions are negligible compared to the continuum.
Also, most of the continuum radiation (about 90%) is in the
visible and infrared below 6.2 eV; and most of that is between 2
and 4 eV. At these conditions, this radiation is due to the Na*(1-)
band. In addition, there is some continuum contribution in the
ultra-violet, probably due to nitrogen free-bound processes and
N,(BH) bands.

Fig. 8(b) shows the same information as Fig. 8(a) except
each line is shown individually. Many of the VUY lines above
10 eV are absorbing in their line centers, but the IR lines
are essentially transparent and appear to be strongly emitting.
However, line radiation at this condition is insignificant compared
to the continuum contribution.

As part of this study computations were also conducted
using the QEE model without including molecular LTNE effects;
and the resulting radiative heat transfer result was 8.90 watts/sq
cm. Obviously, molecular LTNE is important at AFE conditions
and leads to lower radiative heating. Examination of the
results indicate that the LTNE induced by chemical and thermal
nonequilibirumdrastically reduces radiation from the Np(1+) and
N,(2+) bands and significantly decreases that due to N,(BH).
However, Np*(1—) is virtually unaffected by chemical and
thermal nonequilibrium phenomena. Thus, on Fig. 8, the
primary stagnation point radiation is in the continuum between 2
and 4 eV and is from the N,*(1—) band.

At shock speeds below 10 km/sec, shock tube radiative
intensity photomultiplier mesurements indicate a sharp rise
to a peak immediately behind the shock front followed by
a decrease until equilibrium is achieved?.  Similar results
have been obtained computationally for nonequilibrium flows
for the visible region of the spectrum assuming the gas to be
transparent’. Fig. 9 shows for the present QEEE model the
variation along the stagnation line of radiative flux towards the
stagnation point, QR+, and its negative derivative, -D(QR+)/DY.
The latter is essentially what Candler? and others have termed
radiation intensity. As can be seen, -D(QR+)/DY is similar to
observed photomultiplier traces in having a peak near the shock
front followed by a steady decrease towards the wall. For this
case, no equilibrium plateau is achieved since the flow never
reaches chemical equilibrium prior to the wall thermal boundary
layer. (The oscillations near the wall are an artifact due to
significant digit error resulting from providing the plot routine
formatted data. The actual curve is smooth.) Comparison withthe
temperature plots indicates that the “intensity” peak corresponds
to the maximum value in electron temperature; and near the
wall the “intensity” is negative, indicating absorption. However,
as shown by only the slight decrease in QR(+), the amount of
absorption near the wall is negligible at these conditions.



The temperature and composition profiles for the 14 km/sec
case are shown on Fig. 12. Since the freestream velocity is
higher, the post-shock nonequilibrium zone is shorter than at 12
km/sec, occupying only the outer 30-40% of the 9.1 cm shock
layer. The electron-electronic temperature rises rapidly and
peaks at a value several thousand degrees above the equilibrium
temperature, and the wall sheath representation only affects the
electron temperature in a small zone near the wall. For this case
the convective heating is 56.4 watts/cm? and the radiative flux is
110.7 watts/cm?. Interestingly, especially when compared to the
AFE cases, only about ten percent of this radiative heating is due
to molecular processes.

As part of this study, several cases were also conducted at
this condition using the quasi-equilibirum electron-¢lectronicand
quasi-equilibriumelectron energy models; and the only difference
between the models was that the peak in electron temperature
was slightly higher and slightly further from the shock front with
the exact model than with the quasi-equilibrium models. This
behavior has been observed at freestream velocities of 12 km/sec
and higher and is in sharp contrast to the trends displayed at the
AFE velocities. At the higher velocities there are more electrons
and the flow is dominated by ionization processes. Consequently,
the electron-electronic energy is dominated by the free electrons.
At the lower AFE speeds, there is very little ionization and the
electronic energy portion dominates the combination. Thus, the
shape and character of the electron temperature profiles appears
to be significantly different at the higher velocities than at AFE
speeds.

The spectral variation in radiative heat flux to the wall at 14
km/secis shown on Fig. 13(a), where the contributionsdue to line
and continuum processes have been combined and the convenient
representationof lines as group averages has been utilized. Here,
the heating due to continuum and lines is similar in magnitude
with extensive infrared and UV lines as well as significant VUV
bound-free processes. In fact, only about twenty-eight percent
of the wall flux is from the visible and infrared below 6.2 eV.
Notice that a measureable portion of the visible radiation is
between 2 and 4 eV and is due to Na*(1-) molecular radiation.
Nevertheless, while this type of presentation is informative and
useful, especially for continuum radiation, the characteristics and
number of lines is not evident on this type of plot;

As mentioned previously, the actual radiative transfer
analysis treats lines individually, and Fig. 13(b) displays the
same information but with each line shown separately. From this
representation, it is evident that in the visible and infrared the
line radiation is primarily transparent. However, in the VUV,
many of the line centers are highly absorbing with most of the
line emission reaching the wall originating from the line wings.

In contrast to results below 10 km/sec, shock tube
photomultiplier results at higher speeds show that the radiative
intensity peak behind a shock front changes from a single peak
to a double hump peak system?S. Experimental spectral data
indicates that the first is due to molecular radiation near the
shock front while the second is atomic radiation coupled to the
ionization process. Figure 14 shows for the 14 km/sec condition
theoretical predictions of the radiative flux towards the wall, QR+,
and the negative of its derivative, -DQR(+).DY. As discussed

previously, the latter is closely related to radiative intensity.

The present profile clearly exhibits this double hump
behavior. The first peak corresponds to the maximum value
of the electron temperature, while the second occurs at the
onset of thermal equilibrium and the establishment of near
Boltzmann distributions in the excited states. Subsequently,
radiative cooling occurs and the “intensity” rapidly decreases.
During this period, examination of the species concentrations and
of LTNE phenomena indicates nonequilibrium recombination is
induced with resultant overpopulation, compared to a Boltzmann
distribution, of the excited states. Around y/yshock of 0.3 the
fiow begins to absorb more than it emits and QR+ begins to
decrease. However, as shown by the QR+ profile, which only
decreases slightly between 0.3 and the wall, the absorption in the
wall thermal layer only results in a mild decrease in QR+ at this
condition.

The temperature and composition profiles at 16 km/sec are
shown on Fig. 15, and the corresponding predicted radiative
and convective heating rates are 272.6 and 87.3 watts/cm?
respectively. Here, the electron temperature rises very rapidly
and peaks near 20,000°K, confirming the trend that as speed
increases, the peak electron-electronic temperature increases in
magnitude and occurs nearer 1o the shock front. Likewise,
again due to the increase in velocity, the nonequilibrium zone is
shorter at about 20-25% of the 7.5 cm shock layer. Finally, on
Fig. 15 notice that radiation cooling effects induce both atomic
and ionic recombination starting near the end of the post-shock
nonegquilibrium zone and continuing all the way to the wall.

The effect on the temperature and ionization profiles of
including radiative gasdynamic coupling in the flowfield and local
thermodynamic nonequilibrium effects in the radiation is shown
for the 16 kmy/sec case on Fig. 16. The curves denoted uncoupled
do not include either radiation cooling or LTNE phenomena and
indicate for this case that nominally the nonequilibrium post-
shock zone and the wall thermal layer each affect about 20%
of the shock layer. For this case, the shock standoff distance
is 8.16 cm. However, when radiation coupling is included but
LTNE is excluded, the shock layer thickness is reduced to 7.15
cm due to the lower temperature and increased density. The
resultant profiles, designated as uncorrected, show that without
LTNE effects significant cooling occurs in the nonequilibrium
region with corresponding decreases in the electron and heavy
particle temperatures and in the apparent length of the relaxation
zone. Further, radiative losses through the shock front from the
high temperature nonequilibrium zone reduce the total enthalpy
forty percent, which leads to a cooler equilibrium zone having
less than half the ionization of the uncoupled case.

Fortunately, when both radiation coupling and LTNE effects
are included, the radiative losses are much less. As shown on the
curves denoted as corrected, the corresponding temperature and
jonization variations in the nonequilibrium post-shock region are
only slightly affected since in that region the radiative losses are
low due to LTNE effects. However, once equilibrium is nearly
established around 0.8, radiative cooling becomes the dominant
feature, the temperature steadily decreases, and the degree of
jonization rapidly decreases. Obviously, at these conditions both
LTNE phenomena and radiation coupling are important and need
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APPENDIX II
Miscellaneous Results from

Precursor Studies
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A FLOWFIELD COUPLED EXCITATION AND RADIATION MODEL

FOR NONEQUILIBRIUM REACTING FLOWS
AN EXTENDED ABSTRACT

Thomas A. Gally#, Leland A. Carlson##, and Derek Greens###
Aerospace Engineering Department
Texas A&M University

College Station, Texas 77843~3141
SUMMARY

In this paper, several flowfield coupled electronic excitation models for nonequilibrium
atomic radiation suitable for rapid flowfield calculations are presented. Further, due to
the sensitivity of results, several electron-electronic energy and diffusion models are
presented and their effect on flowfield structure, nonequilibrium electronic excitation, and
radiative transfer examined. These models have been incorpor;ted into a computational
flowfield program which includes nonequilibrium chemistry, thermal norequilibrium,
viscous, conduction, and diffusion effects, and coupled nongray radiative transfer. The
latter has been modified to include local thermodynamic nonequilibrium phenomena
resulting from chemical and thermal nonequilibrium.

Comparison with the Fire 2 flight experimental data indicates that the present models
are appropriate and reasonable. Subsequently, based upon these models, results are

presented for a variety of cases including two AFE cases and a situation representative of

# NASA Graduate Student Researcher
#% Professor, Aerospace Engineering
#+# Graduate Research Assistant



Martian return aerocapture. These results show the importance of shock slip, chemical and
radiative nonequilibrium, and radiative gasdynamic coupling. They also demonstrate the
differences between using various electron—-electronic energy models and delineate the
differences between molecular dominated flows such as AFE and those characterized by

ionization such as Martian return.

INTRODUCTION

In the future, various space programs will be conducted which will require the efficient
return of large payloads from missions to the moon or to planets such as Mars., To
accomplish this task, the return vehicles will either utilize direct entry at very high
velocities or aerocapture techniques. In either case, a significant portion of the entry will
involve high velocities at high altitudes; and, during this part of the trajectory, the
vehicle flowfields will be dominated by chemical, thermal, and radiative nonequilibrium
phenomena. In order to design and operate such vehicles, it is essential to develop
engineering flowfield models which appropriately and accurately desribe these chemical,
thermal, and radiative nonequilibrium processes and the coupling between them.

Previously (Ref. 1), the importance of properly predicting electron temperature and
modeling electron impact ionization was investigated and a quasi-equilibrium free electron
energy model and a two step ionization model formulated. In addition, an approximate
method of handling nonequilibrium atomic radiation, which assumed that the excited states
of atoms are in equilibrium with the local free electrons and ions, was developed (Ref. 1-3)
and applied to an eight step nongray emission-absorption radiation model. Subsequently,
the radiation transport method was replaced with a detailed model, which not only included
corrections for ’nonequilibrium atomic radiation phenomena but also contained
modifications to properly account for noneguilibrium molecular radiation. The resultant

technique, which also included an improved electron-electronic energy model, was applied



to a wide range of conditions; and the coupling of nonequilibrium chemical and radiation
phenomena in high altitude entry vehicle flowfields was studied (Ref. 4), These results
showed the importance of these processes and demonstrated that accurate predictions of
high altitude flowfields depended upon the number of each species in excited states and
the resultant departure from Boltzmann distributions. However, since excited state
rnumber densities are sensitive to excitation phenomena, electron temperature, and species
concentrations, which are strongly influenced by electron energy, electronic excitation, and
diffusion modeling, and since the approach of Ref. 4 used several approximations in its
models, it was believed that significant improvements could be made by the development
and application of new models.

Thus, the primary objective of this paper is to present a flowfield coupled electronic
excitation model for nonequilibirum atomic radiation svitable for rapid flowfield
calculations. Further, due to the previously discussed sensitivities, secondary objectives
are to examine several electron-electronic energy and diffusion models and to determine
their effect on flowfield structure, nonequilibrium electronic excitation, and radiative

transfer.

METHODS

The flowfield model used in this investigation is a viscous shock layer analysis which
includes the effects of chemical nonequilibrium, multi-temperature thermal nonequilibrium
(electron or electron-electronic, vibrational, and heavy particle), viscosity, heat
conduction, diffusion, and radiative gasdynamic coupling. The basic method, which has
been significantly modified and expanded from the versions used in Ref. { and 4, has been
coupled with modified versions of the radiation routines of the NASA Langley program,
RADICAL (Ref. 5), giving the ability to calculate flowfield solutions with the effects of

radiative cooling present. The radiation analysis in RADICAL is a detailed method which



includes atomic continuum radiation, molecular band radiation, and atomic line radiation;
and the original model has been expanded to include nonequilibrium chemical and thermal
effects and to account for excited state population distributions different from thocse
predicted by a Boltzmann distribution. Thus, the present model includes the effects of
local thermodynamic nonequilibrium (LTNE),

One of the advantages of a VSL method is the ability to distribute many flowfield
points in regions of large gradients, such as in the region immediately behind the shock
front and in the highly nonequilibrium thermal layer near the wall, However, thie approach
requires proper shock front jump conditions since diffusion and thermal conduction
phenomena can be significant in the region immediately behind the shock front. Thus, the
present method includes proper shock slip boundary conditions, and the importance of
including and utilizing these conditions will be shown later. In addition, the present
method permits various wall catalycity properties and includes appropriate spectral
variations in the treatment of the wall boundary conditions.

Additional details concerning these methods will be presented in the final paper.
NONEQUILIBRIUM RADIATION MODELS

Molecular Radiation Model

In the present engineering approach, nonequilibrium radiation is computed using the
modified RADICAL radiative analysis code and abasprtion coefficient model with actual
species concentrations and with correction factors on the effective source function and
absorption coefficients. This correction factor approach accounts for the existence of
non-Boltzmann distribution state populations (i.e. local thermodynamic nonequilibrium,
LTNE) and effectively determines the correct state populations. Previously, approxzimate
correction factors for molecular radiation had been developed (Ref. 3); but it is now

believed that these approximate factors overcorrect and for some molecular bands



underestimate the actual radiation. This belief is reenforced by the fact that
experimental measurements made in molecular radiation dominated shock flows show a
radiation intensity peak behind the shock front in conjunction with the predicted electron
temperature peak., Thus, significant depletion of all of the excited molecular states, as
predicted by the theory of Ref. 3, is not expected. Consequently, new improved molecular
correction factors for molecular nonequilibrium radiation have been developed.

After examing various approaches, a quasi-steady approach similar to that of Ref. &
has been developed which computes the electronic state populations associated with the
radiating molecular bands. Specifically, for N2, the populations of the X, Ay B, a,and C
states are computed; while for N2+ the X, A, B, and D are included. This approach has been
incorporated into the flowfield and radiative transport code; and there is no assumption
concerning the existence of equilibrium between excited molecular states and atome as
there was in Ref. 3. Thus, in this new molecular model, both source functions and
absorption coefficients associated with molecular band radiation will be modified for
nonequilibrium effects. However, in the quasi-steady approach there is the inherent
assumption that the rates used to determine the state populations are compatible with the
overall rate chemistry. For the molecules, it is believed that the various rates are
reasonably well known and that this inherent assumption is satisfied appropriately.

The variation in state population and resultant molecular correction factors will be
discussed for several cases in the final paper. In general, however, preliminary results
indicate that for many cases that for the N2 Birge-Hopfield band the correction factor for
the absorption coefficient is near unity but that for the corresponding source function it is
quite small in the nonequilikbrium portion of the shack layer immediately behind the shock
front. This behavior is what would "normally" be expected since N2(BH) involves
absorption to the ground state. Likewise N2(1+) typically displays only a slight correction

(from unity) for the source function but a significant decrease from that predicted using



Boltmann distributions in the absorption coefficient. This trend is alsoc "expected" since
N2(i+) involves two excited states, B and A. On the other hand, while the absorption
coefficient factor for N2(24) is similar to that for N2(i+), the source function for N2(2+4) is
typically significantly reduced in the chemical and thermal nonequilibrium region behind
the shock front, indicating tht pre-dissociation is significantly depleting the population of
the C electronic state.

The most interesting result, however, is that the N2+({-) radiation is only slightly
affected by nonequilibrium phenomena. This result is in agremment with experiments
which, at least at lower velociities, have indicated a strong N2+{{-)} contribution.
However, since the number density of N2+ is often only significant in the region
immediately behind the shock front, any N2+(i-) radiation should originate from that

region. This feature will be discussed further in the results section and in the final

paper.

Atomic Radiation Models

In this paper, local thermodynamic rnonequilibrium effects (LTNE) on atomic radiation
are also computed by applying to the absorption coefficient and source function values
utilized in the radiative analysis, correction factors which account for the deviations in
state populations from Boltmann distributions. However, two different models have or are
under development; and each will be presented, discussed, and compared in the final paper.

The first model, which should probably be termed a first order approximation, has been
presented previously in Ref. {-4. Briefly, this model assumes that atomic ionization
proceeds by excitation from the three low ground states (for nitrogen) to the high excited
states followed by rapid ionization. Conseguently, the model assumes that excitation from

the ground states to the higher states is a rate limiting step for the ionization process



and that the excited states, because of their energy proximity to the ionized state, are in
equilibrium with the free electrons and ions.

In contrast, Park (Ref. &) and Kunc et al (Ref. 7) handle atomic LTNE by using a
quasi-steady analysis in which, while rate processes between all the bound states and
hetween the bound states and the ionized state are assumed finite, they are assumed to be
fast relative to changes induced by the flowfield. Thus, at any point in a flowfield an
equilibrium between the states will exist which is perturbed from a Boltzmann distribution
due to radiative effects. Kunc et al have performed calculations in which they specify the
electron temperature and the total number of charged particles (defined as two times the
number of atoms plus the number of ions plus the number of electrans), leaving the actual
number of ions and {free electrons to be determined as part of the unknown populations.

Park, on the other hand, in the application of his method (Ref. 8) assumes the number of
ions and electrons to be given by a flowfield solution. Under this approach, a
non-Boltzmann distribution can be achieved even in the absence of radiation, if the number
of ions and electrons differs from equilibrium. To be totally correct, however, the
excitation and ionization rates associated with each level must overall be consistent with
the ionization rates used in the flowfield solution.

Obviously, the present first order approach and those of Park and Kunc et al represent
the extremes of modeling LTNE atomic phenomena. Unfortunately, the present first order
approach is overly simplified in its assumption that the rates between the excited states
and the free ions and electrons are infinitely fast (i.e. local equilibrium); and the detailed
quasi-steady approaches are computationally intensive because they include a large
number of electronic levels discretely. In addition, the latter are sensitive to the choice
of the individual rates; and it is difficult to know which rate to adjust when comparing with

experimental results and attempting to improve the correlation.



After extensively reviewing the work on argon of Foley and Clarke (Ref. 9), Nelson
(Ref. 10), etc. and the air and nitrogen work of Park (Ref. 8), Kunc and Soon (Ref. 7); and
othere, it was decided to develop a second LTNE model for high temperature nitrogen by
subdividing atomic nitrogen into two species. The first, termed Ng, for N ground,
represents the nitrogen atoms in the first three low lying electronic states of nitrogen.
The second, termed N# or N excited, representes those nitrogen atoms populating the
remaining upper electronic states. The relative densities of these subspecies will then be
determined by appropriate reaction rates between themselves, N+, e-, etc. It is believed
that this approach has the potential to be a significant improvment over the present model
in that it will allow a finite rate of ionization from excited states while retaining the
fundamental two step ionization process. In addition, by determining the excited state
number densities directly from the flowfield computation, the appropriate atomic LTNE
factors are directly obtainable and more accurate.

Initially, the second order model uses the collisional reaction rate system shown in
Table I. In general, reaction rates for the first seven reactions are well known. However,
the rates for the electron-atom excitation and electron-atom ionization reactions, numbers
& - 10, reed to be determined. Currently, atom-atom excitation and photo-excitation
photo-ionization are not included since it is believed that these reactions are of second
order in the stagnation region. However, it is planned to include them later, possibly in
time for the final paper.

In this system, care must be taken to properly formulate the species enthalpy ot Ng and

N#, Specifically,
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For equilibrium conditions, these expressions reduce to the proper forms where
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As mentioned above, effective reaction rates have to be obtained for reactions (8) -

(10), While in principle, these could be extracted from the work ot Park (Ref. 11), the work
in Ref. 7 appears to contain information based upon more recent data. Furthermore, it
appears to yield excitation rates more compatible with relaxation data behind shock waves.,
Consequently, a method has been developed and a computer program written to determine

from the detailed data of Ref. 7, effective forward rates for reactions (#)-(10). While



complete details of the method and results will be presented in the paper, a preliminary
set of results is presented in Figure {.

Also shown on Figure 1 is the rate of Wilson successfully used in Ref. 1 and 4 in
conjunction with the first order LTNE model. As can be seen, the preliminary rates for the
new model are faster for excitation from the ground state but are finite for ionization
from the excited state to the continuum. Thus, they appear to have the right trend and
magnitude. In addition, included on the figure is the effective ionization rate from the
ground state directly to the continuum. As previously postulated, this rate is
considerably slower than the excitation rate. Finally, the ground to excited forward rate
is about two orders of magnitude slower than that which it is believed would be obtained
from using the detailed rates in Ref. 11.

Once the chemistry model involving excited species has been developed, the next step
is to determine the appropriate LTNE factors which should be utilized in the radiative
analysis code. In the final paper the logic behind derivations of these factors_, will be
presented in detail. However, preliminary results are given in the following paragraphs.

For continuum processes involving absorption by an excited state, the absorption

coefficient factor is
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and the corresponding source functmn factor is
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For line processes involving absorption into an excited state, the present second order

theory yields an absorption LTNE factor of
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while for this case the source function is unchanged. On the other hand, if the line process

involves absorption mto one of the ground states, the absorption factor is
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It should be noted that when the N# species is in equilibrium with N+ and e- and the

number density of Ng is assumed to be that of N, these expressions reduce to those used

with the first order model.

ELECTRON-ELECTRONIC ENERGY MODELS

In the results presented in Ref 1, the electron temperature was determined using a
quasi-equilibrium free electron equation; and the electronic temperature was assumed to
be equal to the free electron temperature. While it is believed that this approach is a
good approximation for many conditions of interest in aerocapture, it was felt that
additional models should be developed in an effort to improve the modeling of electron

energy, and hence temperature, due to its importance in determining nonequilibrium
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ionization chemistry ard radiative transfer, Specifically, two electron-electronic energy
models have been developed.

The first is termed quasi-electron-electronic and is similar to the first model in that
it computes the electron temperature assuming quasi-equilibrium. However, it explicity
accounts for the effect of elastic and inelastic collisions on the energy contained in
electronic states of each species as well as the free electron energy; and, thus, the
resulting temperature i a truly representative of electron-electronic energy.

The second model utilizes a combined electron-electronic energy differential equation
which includes the effects of convection, conduction, and diffusion in addition to the
production and loss of electron energy through elastic and inelastic collisions. The
current full electron-electronic energy equation for the stagnation line is
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In this equation, the viscous worK terms have not been included due to the fact that they
are of lower order. In addition, radiation effects on electron-electronic energy have been
neglected as has diffusion effects an collisional energy exchange. The latter is expected
to be small in most cases due to the rapid dissociation of N2 and the existence of

ambipolar diffusion. However, it might be important at some of the lawer AFE velocities.
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It should be noted that Egs. (E-1) is equivalent to that presented by Gnoffo (Ref. 12)
and J. H. Lee (Ref. 13). However, it differs slightly from that presented in Ref. ({ and 14)
in that the latter contains the additional terms

WQ _O_‘__?- + .Ue_ 9P
2. an
which arise as a result of the differences in the derivation of the species energy and
momentum equations. It is believed that these additional terms occur as a result of using
the more detailed approach of Chapman and Cowling (Ref. i5). In any event, these two
terms are expected to be small, and their neglect in the present studies should not affect
the results.

Another item which needs to be considered in modeling electron-electronic energy is
the proper boundary condition on electron temperature at the wall. In most past analyses
(Ref. 1 and 12), it has been assumed that at the wall the electron temperature is equal to
the wall temperature. Since the heavy particle temperature is also assumed equal to the
wall temperature at the wall, this approach effectively assumes that the electron
temperature is equa'l to the heavy particle temperature. At first, this approach seems
reasonable and follows the philosophy that in the thermal boundary layer near the wall the
flow should be near equilibrium and collision dominated. However, in actuality, the
thermal boundary layer is in significant nonequilibrium in that the chemical rection rates
are finite and cannot keep up with the true local equilibirum. This lag combined with
diffusion leads to atom, ion, and electron densities above equilibrium values and in turn
enhanced excited state populations. In addition, as can be seen in the electron-electronic
energy equation, ionic recombination yields an increase in electron energy and tends to
force the electron temperature above the heavy particle temperature.

Further, since almost all walls are catalytic to ions and electrons, there exists a thin

plasma sheath adjacent to the wall across which a potential develops in order to maintain

zero charge flux at the sheath edge. Since the thickness of the plasma sheath is negligible
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in comparison to that of the wall thermal layer, the edge of the sheath can be construed as
being physically at the wall. Thus, the proper wall boundary conditions on the continuum
equations should be obtained by matching the particle description in the plasma sheath to
the corresponding continuum description at the wall. Examination of appropriate sheath

models shows that continuity of electron energy flux requires
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where the sheath potential is determined by enforcing charge neutrality at the sheath
edge. Further analysis indicates that the heavy particle species, being in good contact
with the wall, should be at the wall temperature at the wall. This type of electron
boundary condition has been incorporated into the present full electron-electronic
equation model, and the consequences of using it instead of the usual wall condition will
be discussed in the paper.

At lower velocities where molecular processes dominate the flowfield, vibrational
energy effects can also be important. In addition, for temperatures near 7500 deg K,
vibrational electronic coupling is 2also Known to be important (Ref. 18). Thus, two
vibrational energy models are also in the process of being incorporated into the present
model. The first of these assumes that vibrational temperature is egqual to the
electron-electronic temperature and the vibrational energy terms are included in the
electron-electronic equation model to yield a combined model. This approach has been
successfully used previously by Park (Ref, 8) and Gnoffo (Ref. 12} and eliminates the
necessity to explicity account for vibrational-electronic coupling phenomena.

The second model being developed handles vibrational energy separately, includes
vibrational electronic coupling as well as collisional and vibration-dissociation coupling

effects, and yields a vibrational temperature separate from the heavy particle and
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electron-electronic temperatures. Thus, this model when combined with the
electron-electronic equation is what would nominally be termed a "three-temperature”
model. This model is an extension of the MCVDV model in Ref. 3 and should be applicable
over a wide range of entry conditions

Results obtained with these electron-electronic and vibrational energy models will be
compared and contrasted in the final paper. In addition, based upon comparisons with

available data, recommendations concerning the applications of the models will be stated.
DIFFUSION MODELS

In the stagnation region of a blunt entry vehicle, large gradients in species
concentrations occur in the nonequilibrium region behind the shock front and in the thermal
boundary layer near the wall. Thus, in these regions species diffusion is significant and
needs to be properly modeled. Currently, there are several models which are commonly
used, including the single temperature multicomponent model of Moss (Ref. 17), the
approximate multi-temperature multi-component model used by Gnoffo (Ref. 12), the
multi-temperature binary diffusion model (Ref. 14) based on the work of Fay and Kemp
(Ref. 18 and 19), and the constant Lewis number multi-component approximation of Ref. 20.
The latter is currently used by the present model.

Fortunafely, as discussed in Ref. 14 and 18, an ionized diatomic gas will often be
dominated or closely approximated by only two diffusion velocities, that of the molecules
and that of the atoms, ions, and electrons. This phenomena occurs because in many cases
charge exchange and ambipolar effects cause atoms, ions, and electrons to all have the
same diffusion velocity to a first approximation. Thus, results obtained using different
models may be very similar. However, in both the wall thermal layer and the
nonequilibrium region behind the shack front, it is possible for the gradients of the atom

and ion concentrations to have opposite signs. In those situations, the binary diffusion
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models of Ref. 14, 1€, and 19 should be inadequate; and a multicomponent diffusion model
should be used.

Unfortunately, most of the multicomponent models have various limitations. For
example, the Moss model in its presented form does not explicitly account for multiple
temperatures and is complicated; while the model used by Gnoffo, which includes
multi-temperature phenomena is only “exact" if the diffusing species is a trace species
(Ref. 21). Likewise the model of Ret. 20, while implicitly accounting for multi-temperature
affects only via the species concentrations, is highly approximate in its use of a single
tonstant Lewis number.

In the final paper, results obtained using a new multicomponent diffusion model will be
presented and compared to results obtained with the present model and, possibly, with
those obtained using the Gnoffo model. This new model will properly account for
multicomponent diffusion due to concentration and pressure gradients in a manner which
properly includes multitemperature phenomena. Starting with the general ditfusion
equations in terms of the difference of diffusion velocities {Ref. {5, also Hirschfelder,
Curtiss, and Bird), solving them for the differences in diffusion velocities, and combining
them with diffusion conservation,

A%
expressions for the individual diffusion velocities can eventually be obtained. Fer
example, for a gas composed only of molecules, atoms, atomic ions, molecular ions, and
electrons, the resultant expressions are
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To complete the model thece expressions have to be properly expressed in
multitemperature form and included properly in the VSL solution scheme. The latter

requires in the species concentration equations oc /oy type ot terms. Derivations of the

appropriate expressions is currently in progress and algebraic and flowfield results will

be presented in the final paper.
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PRELIMINARY AND PROPOSED RESULTS

In this section, several sets of results which have been obtained using the above
methods and models will be presented. However, at this stage these results are very
preliminary and should only be considered indicative of the results which will be presented
in the final paper. For simplicity, results have only been obtairned for the stagnation
streamline with nitrogen as the freestream gas. The final paper will utilize air and
include full forward face solutions. The present preliminary results utilize ninety-nine
points between the shock and the wall and reaction chemistry set of Ref. 1. However, in
many cases electron impact dissociation, i.e. N2 +e = 2 N + e, has been added.

Fire 2 Cases

In order to ensure that the present methods and models are reasonably correct and
appropriate, results have been cbtained for various trajectory points along the Fire 2
entry profile. These results have been computed assuming a fully catalytic wall at the
wall temperature measured in flight, and the full electron-electronic energy model has
been used in conjunction with an approximate wall sheath boundary condition on the
electron temperature. At the shack, slip conditions have been enforced; and throughout the
shock layer multi-component diffusion has been included via the constant Lewis number
madel with a value of 1.4. Nongray emitting and absorbing radiative transfer has been
included along with radiative gasdynamic coupling/cooling. In the radiative transfer, local
thermodynamic nonequilibrium effects have been accounted for by using the molecular and
first order atomic models described above. In addition, the correct wall absorptivity and
reflection properties of the wall, as described in Ref. 22, have been included.

Figures 2-4 show temperature and concentration profiles for five trajectory points
during the first period of the Fire 2 entry. These points were selected because they cover

the time period of the flight involving extensive chemical and thermal nonequilibrium and
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changing radiative behavior. At 1634 seconds (Fig. 2), as evidenced by comparing the
“coupled” and "uncoupled" profiles, radiation cooling/coupling is insignificant; and the
flow never approaches a chemical equilibrium situation. Further, extensive thermal
nonequilibrium exists in the region behind the shock front and also in the thermal boundary
layer. The latter results from allowing an approximate sheath boundary condition on
electron temperature and the fact that three body ion recombination adds energy to both
th.e free electrons ard the excited electronic states. Interestingly, results obtained by
forcing Te to equal Tw at the wall yielded only slight differences in heating and, with the
exception of the electron temperature profile near the wall, flowfield structure.

By 1637.5 seconds, the temperature profile seems to indicate the post shock
nonequilibrium region only comprises about twenty percent of the layer and that much of
the flowfield is in equilibrium. However, while thermal equilibrium is achieved near
y/yshock of 0.75, careful examination reveals that ionization equilibrium is not reached
until about y/yshock of 0.55. Further, as indicated by the temperature decrease and
changes in species concentrations, radiation coupling/cooling is significant for this case
throughout much of the shock layer. These phenomena can be seen more easily on Figure 7
which portrays the enthalpy and degree of ionization behavior along the stagnation
streamline. These profiles, which compare results including and excluding radiation
coupling, show that radiation cooling is significant for 0.2 < y/yshock < 0.6 and that the
degree of ionization is decreasing in this region ciue to the loss of energy by radiation.

In Figure &, the present predictions for various heating rates measured in flight are
compared to the flight data. In flight, a total calorimeter measured the sum of the
convective heating plus that portion of the radiative heating absorbed by the gage, which
is indicated by the QC + ALPHA*QR line on the figure. The present predictions, indicated
by the open squares, are in reasonable agreeement with the flight data; and, while not

shown, the present predictions for convective heating are in excellent agreement with
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corresponding predictions of Ref. 24-26. The high value at 1634 seconds is typical of
theoretical predictions; and, since this conditions is dominated by convective heating, the
difference may indicate that at this point the wall (or gage) was not fully catalytic. This
possibility is suggested by the results of Ref. 27, which obtained good correlation with
Fire 2 data by not assuming fully catalytic walls.

Aleo shown on Figure & are comparisons for radiative heating to the wall for two
wavelength regions, .02 - 6.2 eV which is in the visible and infrared, and 2 - 4 eV which
primarily should be due to N2+({-) emission. For the latter case, the flight data exhibited
extensive scatter, and this is indicated on the figure by the cross-hatching. As can be
ceen, the present predictions in the 2-4 eV range are within the data scatter at early
times and slightly low at the later times; while the predictions for the visible and infrared
regions are low throughout the times considered. However, the data do appear to have the
correct trends.

At first glance, the radiation results appearing on Figure & are distrubing due to their
underprediction. However, the Fire 2 data is a single experiment, and thus must be viewed
with care; and the present results are for a nitrogen freesteam and not air. While it is
generally true that equilibrium nitrogen and equilibrium air will yield almost identical wall
radiative heating rates if they are at the same temperature and pressure, identical
freestream conditions will yield cooler equilibrium temperatures for nitrogen than for air.
For example, for the 1637.5 sec case, the equilibrium temperature for a nitrogen
$reestream would be 10155 K while for an air freestream it would be 11021 K. This small
4.5% difference, however, leads to a radiative heating rate for air 60% higher than that for
nitrogen. Since the present results were obtained matching freestream conditions on
velocity, temperature, and pressure and not post shock conditions, the present radiative
heating predictions should be below the flight values, particularly at the later times where

the flow is approaching equilibrium. As can be seen on Figure &, this is indeed the case.
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To further test this conjecture, a case was run using a slightly different freestream
velacity and pressure that were designed to match the 1637.5 case in air. While this test
was not completely successful in that the resultant temperature was still slightly low, the
radiative heating results from this case, shown as salid symbols on Figure 8, were higher
and closer to the flight data.

To further identify the characteristics of the radiative heating of Fire 2, the
stagnation point radiative flux is presented in Figures 9-11 as a function of energy
frequency) for three trajectory points. On these plots, the line and continuum
contributions are plotted jointly. Also, for convenience, the line radiation is presented
for lines that are close together as an average value over an appropriate width. It should
be noted, however, that in the actual calculations the lines are treated individually using
appropriate line shapes.

As can be seen, at 1634 seconds most of the radiative flux is in continuum radiation
between 2 and 4 eV and in infrared lines, with about 20% of the total being from lines. In
fact, for this condition seventy percent of the predicted stagnatioh point radiation is
below 6.2 eV. At 1636 sec, the results indicate the presence of more line radiation overall
and increasing continuum radiation in the vacuum ultraviolet (VUW); and by 14375 sec
there is extensive line and VUV flux. In fact, at the latter time the character of the
radiation has changed so that 53% is from lines and only 43% of the total is below é.2eV.
However, in all three cases there is extensive radiation in the 2-4eV range.

The latter range (2 - 4 eV or 0.3 - 0.6 microns) was spectrally measured in flight, and
the present predictions for this range are shown on Figure 12. For this region most of the
continuum contribution is from N2+(1-)., Notice that at 1634 sec most of the flux is
between 3 and 3.5 eV (.35 - .4 microns), but that by 1637.5 sec the flux is relatively
constant. This trend and the relative levels are in excellent agreement with the {flight

data presented in Ref. 23.
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Based upon these comparisons with the Fire 2 flight data, it is believed that the
present method and models are reasonable and appropriate. Thus, they should be useful in
studying a wide variety of entry vehicle flowfield situations.

AFE CED Point 2

This condition corresponds to what is often referred to as the "max Q" computational
point for one of the initial AFE trajectories at which the freestream velocity is 8.915
Km/sec, freestream pressure is 15.715 dyne/sq cm and temperature is 197.101 K. For this
case, the free stream is considered to be nitrogen and the nose radius has been assumed to
be 2.3 meters. Also, the wall has been assumed to be radiatively black, catalytic to ionic
recombination but noncatalytic to atomic recombination, and at a temperature of 1650 K.
Figures 13-15 show stagnation line results obtained for this case under various
assumptions. In all cases, nongray radiative transfer has been included and LTNE has
been accounted for using the molecular and first order atomic models previously described.
Also, for these cases the electron temperature was required to equal the heavy particle
temperature at the wall. |

The results presented on Figures 13 (a) and (b) were obtained using the
quasi-equilibrium free electron energy model without the electron impact molecular
dissociation reaction, and profiles obtained with both {ixedi and slip shock jump conditions
using a Lewis number of 1.4 are partrayed. As shown, the electron temperature rapidly
rises behind the shock front and equilibrates with the heavy particle temperature.
However, as evidenced by the continual decrease in temperature and the variations in
composition across the shock layer, the stagnation flow for this case is always in chemical
nonequilibrium. Also, the wall thermal layer comprises approximately twenty percent of
the 12.2 cm thick shock layer. For this case, the convective heating was 13.55 watts/sq cm

and the total radiative heat flux to the wall was 1.56 watts/sq cm.
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With respect to temperature, the effects of slip versus fixed shock jump conditions
seems to be confined to a small region immediately behind the shock front. However, as
can be seen, the effects on concentration and particularly on total enthalpy are
significant. In fact, the total enthalpy profiles clearly show that the fixed shock boundary
condition results in an incorrect value for enthalpy in the interior of the shock layer,
leading to incorrect species concentration values. Interestingly, with the fixed shocK
boundary conditions, when a Lewis number of one is used the enthalpy profile appears to
be correct and when a value less than unity is used, the enthalpy is high in the flow
interior. However, for the slip shock condition, the enthalpy profiles are unaffected by
Lewis number. Since a Lewis number of 1.4 is more appropriate for describing atom
molecule diffusion, which is the dominant diffusion mechanism in this flow, and since the
enthalpy in the flow interior in the absence of significant radiative cooling should be
unity, these results indicate that only the slip boundary condition is appropriate for these
conditions.

Figure 14 shows the came case but with the electron energy modeled using the
gausi-equilibrium electron-electronic model. As can be seen, this model leads to a
significant decrease in electron temperature and increase in the extent of thermal
nonequilibrium. In fact, almost the entire shock layer is in thermal nonequilibrium for this
condition and model. As a result of the electron temperature decrease the shock layer is
slightly thicker at 12,5 cm and the total radiative heating is reduced to 0.61 watts/sq cm.
The convective heating to the partially catalytic wall is relatively unchanged at 13.85
watts/sq cm.

On Figure 15 results are also presented for this case using the quasi-equilibrium
electron-electronic model, but for this calculation electron impact dissociation (N2 + e =
2N + e) has been included. Since this reaction uses free electron energy to dissociate

nitrogen molecules, it has a slightly lower electron temperature than the previous result.
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Consequently, the radiative heat transfer is predicted to be only 0.43 watts/sq cm. For
this model, the shocK layer thickness was 12.5 cm and the convective heating rate was
13.62watts/sq cm, which are essentially the same as the previous case.

These results demonstrate the importance of using slip shock boundary conditions at
these conditions and the sensitivity of radiative heating to electron temperature modeling.
Since at these conditions, vibrational nonequilibrium should also be important, it is
planned in the final paper to include results which include vibrational nonequilibrium.
Also, it should be noted that since the results shown on Figs. 13-15 were for a nitrogen
freestream, the radiative heating values in air, based upon the Fire 2 data, will probably
be slightly higher.

AFE CFD Point 4

This condition corresponds to a "max Q" point for a heavier AFE vehicle at which the
freestream velocity is 9.326 km/sec, freestream pressure is 26.4 dynes/ sq cm and
temperature is 200 K. Again the freestream is nitrogen, the nose radius is 2.3 m, the wall
is assumea to be partially catalytic at 1650 K, and both molecular and atomic nongray
radiation have been include using the molecular and first order LTNE models. Stagnation
line temperature and concentration profiles are presented on Figure 16, which compares
results obtained using the quasi-equilibrium electron-electronic model (REEE) including
the electron impact dissociation reaction with those using the guasi-equilibrium electron
(QEE) energy model only. As for CFD Point 1, the primary effect of using the QEEE model
is more extensive thermal nonequilibrium and a lower electron temperature thru much of
the shock layer. Also, the combined effect of electron impact dissociation and the QEEE
model leads to a more dissociated flow having slightly different N2 and N2+ profiles.

Again, the most significant difference in the two models is the radiative heat transfer.
For the GEEE case, the lower electron temperature yielded a total radiative flux of {.18

watts/sq cm, a shock standoff distance of {1.96 cm, and a convective heating of 25.8
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watts/sqcm. For the GEE model it was 2.91 watts/eqcm,, 11.69 cm, and 25.7 watts/sq cm
respectively.

Figure 17(a) shows the stagnation point continuum and line radiation distributions
predicted with the GEEE model. In the actual radiative transfer analysis, lines are
considered and integrated individually, but they are presented on Fig. 17 as average
values for various line groups for convenience. As can be seen, there are many infrared
line groups and some in the ultra-violet. However, compared to the continuum, the line
contributions are negligible. For the continuum, most of the radiation (about 70%) is in the
visible and infrared below 6.2 ev; and most of that is between 2 and 4 ev. At these
conditions, this radiation is due to the N2+(i-) band. Also, there is some continuum
contributions in the ultra-violet, probably due to nitrogen free-bound processes and
N2(BH) bands.

Figure 17(b) shows the same information as Figure 17(a) except each line is shown
individually. As can be seen, many of the VUV lines are absorbing in their line centers and
the IR lines are essentially transparent. However, for this case line radiation is
insignificant compared to the continuum contribution.

As part of this study, computations were conducted using the QEE model without
including molecular LTNE effects; and the resulting radiative heat transfer result was
£.90 watts/sqg cm. Obviously, molecular LTNE is important at AFE conditions and leads to
lower radiative heating. Examination of the results which included LTNE effects indicate
that the LTNE induced by chemical and thermal nonequilibirum drastically reduces
radiation from the N2(1+) and N2(2+) bands and significantly decreases that due to N2(BH).
However, N2+{i-) is virtually unaffected by chemical and thermal nonequilibrium
phenomena. Thus, on Fig. 17, the primary stagnation point radiation is in the continuum

between 2 and 4 eV and is from the N2+{{-) band.
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At shock speeds below 10 Km/sec, shock tube photomultiplier results indicate a sharp
rise in intensity to a peak immediately behind the shack front followed by a decrease until
equilibrium is achieved (Ref. 28). Similar results have been obtained computationally for
nonequilibrium flows for the visible region of the spectrum assuming the gas to
trancparent (Ref. 16). Figure 1& shows for the present QEEE model the variation along
the stagnation line in radiative flux towards the stagnation point, QR+, and its negative
derivative, -DQR+/DY. The latter is essentially what Candler (Ref. 16) and others have
termed radiation intensity. As can be seen, -DQR(+)/DY is similar to observed
photomultiplier traces in having a peak near the shock front followed by a steady decrease
towards the wall. For this case, no equilibrium plateau is achieved since the flow never
reaches chemical equilibrium prior to the wall thermal boundary layer. {The oscillations
near the wall are an artifact due to significant digit error resulting from providing the
plot routine formatted data. The actual curve is smooth.) Comparison with the
temperature plots indicates that the "jntensity" peak corresponds to the maximum value in
electron temperature; and near the wall the "intensity" is negative, indicating absorption.
However, as shown by only the slight decrease in QR(+), the amount of abscrption near the
wall is negligible at these conditions.

AOTV -- 14 km/sec, 80 Km

This case is representative of a small Mars return aerocapture vehicle. (In the final
paper, results for several cases representative of Mars/Lunar return will be included. At
present, it is planned to cover entry speeds of 11 - 16 km/sec and altitudes of 70 - &0 Km.)
For this preliminary result, the freestream is considered to be nitrogen at 180.65K and
10.35 dynes/sq e¢m. The nose radius is 2.3 my the wall is assumed to be partially catalytic
at 1650 K, and both molecular and atomic nongray radiation have been include using the
molecular and first order LTNE models. Stagnation line temperature and concentration

profiles obtained using the exact electron—electronic energy model are presented on Figure
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19, which compares results obtained with and without radiative gasdynamic
coupling/cooling. Further, shock slip and an approximate sheath representation were used
as boundary conditions; and electron impact dissociation was included in the reaction
chemistry.

As can be seen, the post shock electron-electronic temperature peaks at a value several
thousand degrees abave the equilibrium temperature, and the wall sheath representation
only affects the electron temperature in a emall zone near the wall, For this case, the
shock layer thickness was 9.03 cm, the covective heating was 5.8 watts/sq cm, and the
radiative heating was 111.7 watts/sg cm. Interestingly, especially when compared to the
AFE cases, only about ten percent of this radiative heating is due to molecular processes.

Ac part of this study, several cases were also conducted at this condition using the
quasi-equilibirum electron-electronic and quasi-equilibrium electron energy models; and
the primary difference between the models was that the peak in electron temperature was
slightly higher and slightly further from the shock front with the exact model than with
the quasi-equilibrium models. This behavior has been observed at freestream velocities
of 12 km/sec and higher and is in sharp contrast to the trends displayed at the AFE
velocities. Apparently, at the higher velocities there are more electrons and the flow is
dominated by ionization processes. Consequently, the electron-electronic energy is
dominated by the free electrons. At the lower AFE speeds, there is very little ionization
and the electronic energy portion dominates the combination. Thus, the shape and
character of the electron temperature profiles appears to be significantly different at
Martian return velocities than at AFE speeds.

Figure 19 also shows that that radiation cooling at this condition (coupled results) is
significant, leading to cooler temperatures and different concentration profiles. The
magnitude of radiation cooling is quite evident in the total enthalpy and degree of

ionization profiles displayed on Figure 20. As can be seen, radiative coocling is present

27



throughout most of the shock layer and significantly decreases the amount of ionization.
Also, the effects of diffusion near the shock front can be seen in the enthalpy changes in
that region. Similar diffusion effects exist near the wall, but the decrease in enthalpy due
to thermal conduction dominates the profile and prevents them being observed on the
figure.

The spectral variation in radiative heat flux to the wall iz shown on Figure 21, where
the contributions due to line and continuum processes have been combined and the
convenient representation of lines as group averages has been utilized. Here, the heating
due to continuum and lines is similar in magnitude with extensive infrared and UV lines as
well as significant VUV bound-free processes. In fact, only about twenty-eight percent of
the wall flux is from the visible and infrared below 6.2 eV. Notice that a measureable
portion of the visible radiation is between 2 and 4 eV and is due to N2+({-) molecular
radiation. Nevertheless, while this type of presentation is informative and useful,
especially for continuum radiation, the characteristics and rumber of lines is not evident
on this type of plot.

As mentioned previously, the actual radiative transfer analysis treats lines
individually, and Figure 22 displays the same information as Figure 21 but with each line
shown separately. From this representation, it is evident that in the visible and infrared
the line radiation is primarily transparent. However, in the VUV, many of the line centers
are highly absorbing with most of the emission reaching the wall emanating from the line
wings.

In contrast to results below 10 Km/sec, shock tube photomultiplier results at higher
speeds show that the radiative intensity peak behind a shock front changes from a single
peak to a double hump peak system (Ref. 28). Experimental spectral data indicates that the
first is due to molecular radiation near the shock front while the second is atomic

radiation coupled to the ionization process. Figure 23 shows for the present case
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theoretical predictions of the radiative flux towards the wall, QR+, and the negative of its
derivative, - DQR{#),DY. As discussed previously, the latter is closely related to
radiative intensity.

As can be seen on the plot, the present profile clearly exhibits this double hump
behavior. The first peak corresponds to the maximum value of the electron temperature,
while the second occurs at the onset of thermal equilibrium and the ectablishment of near
Boltzmann distributions in the excited states. Subsequently, radiative cooling occurs and
the "intensity" rapidly decreases. During this period, examination of the species
concentrations and of LTNE phenomena indicates nonequilibrium recombination is induced
with resultant overpopulation, compared to a Boltzmann distribution, of the excited
states. Around y/yshock of 0.3 the flow begins to absorb more than it emits and QR+
begins to decrease. However, as shown by the QR+ profile, which only decreases slightly
between 0.3 and the wall, the absorption in the wall thermal layer only results in a mild
decrease in QR+ at this condition.

Finally, Figure 24 present some very preliminary results obtained using the second
order nonequilibrium atomic radiation model in conjunction with the nonequilibrium
molecular model. The flowfield conditions and boundary conditions for this case are 14
km/sec at 80 km and are identical to those of Figure 19. Examination of these preliminary
data indicates that compared to those obtained with the first order model, the post shock
chemical nonequilibrium region is smaller and the electron temperature peaks slightly
quicker at a slightly lower value. Also, the outer twenty-five percent and inner ten
percent of the stagnation region is in lacal thermodynamic nonequilibrium in that the N#
population is not that predicted by a Boltzmann distribution. Further, unlike Figure 19,
the new excitation rate is sufficiently fast to maintain local thermodynamic equilibrium in
the interior of the flowfield, even with extensive radiative cooling/coupling. In fact the

new rates actually lead to higher radiative cooling in the outer portions of the shock layer.
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However, the effect is to cool the shock layer and this leads to slightly lower wall
radiative heating than with the previous model. For this result, the radiative heating was
105.6 watts/sq cm, the covective was 60.3 watts/sq cm. and the standoff distance was 8.82
cm. The final paper will also include air results and, for several cases, flowfield

computations involving the front face of representative vehicles.
CONCLUSIONS

In this paper, several flowfield coupled coupled electronic excitation models for
nonequilibrium atomic radiation suitable for rapid flowfield calculations have been
presented. Further, due to the sensitivity of results, several electron-electronic energy
and diffusion models have been presented and their effect on flowfield structure,
nonequilibrium electronic excitation, and radiative transfer have been examined. These
models have been incorporated into a computational flowfield program which includes
nonequilibrium chemistry, thermal nonequilibrium, viscous, conduction, and diffusion
effects, and coupled nongray radiative transfer. The latter has been modified to inc]ude-
local thermodynamic nonequilibrium phenomena resulting from chemical and thermal
nonequilibrium.

Comparison with the Fire 2 flight experimental data indicates that the present models
are appropriate and reasonable. Subsequently, based upon these models, resultsbare‘
presented for a variety of cases including two AFE cases and a situation representative of
Martian return aerocapture. These results show the importance of shock slip, chemical and
radiative nonequilibrium, and radiative gasdynamic coupling. They also demonstrate the
differences between using various electron-electronic energy models and delineate the
differences between molecular dominated flows such as AFE and those characterized by

ionization such as Martian return.
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Table U -- Collisional Reaction Rate System
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The Effects of Shock Wave Precursors Ahead
of Hypersonic Entry Vehicles

An Extended Abstract
Scott A. Stanley” and Leland A. Carlson™
Texas A&M University
College Station, Texas
SUMMARY

In order to determine the effects of the shock wave precursor on the flow field around
an aerocapture vehicle entering the earth’s atmosphere, a computational method has been
developed to calculate the gas properties in the precursor region. A viscous shock layer program
was used to predict the gas properties in the shock layer, and a spectrally detailed radiation
model has been used to predict the emission and absorption of radiation. Expressions have been
developed for the mass production rates due to photoprocesses and the effects of absorption and
emission on the individual energy modes of the gas. The flow field properties in the precursor
are shown and discussed for a representative case. The changes in the shock layer properties
and the radiative flux to the body, resulting from including the precursor effects, are also

discussed.

INTRODUCTION
With the recent emphasis placed on the future exploration of the planet Mars and the
subsequent return of men and samples to earth, there has been increased interest in the
development of accurate prediction methods for the fluid flow around hypersonic entry vehicles.

This renewed interest is a result of the plan to use an aerocapture technique to provide the

* Graduate Research Assistant, Aerospace Engineering Department
** Professor, Aerospace Engineering Department
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velocity reduction necessary to place the spacecraft in earth orbit. The benefit of this approach
is that aerodynamic drag, resulting from the interaction of the spacecraft with the high altitude
atmosphere, can be used instead of propulsive braking to slow the vehicle to orbital speeds.
This technique permits a reduction in the fuel necessary for the mission and increases the return
payload capability.

A portion of hypersonic flow fields which has received little attention in recent years is
the shock wave precursor, the radiation dominated region of cold gas ahead of the shock.
Recent work in hypersonic flow field predictions has concentrated on the shock layer, the region
between the shock wave and the body. In the precursor, radiation emitted by the gas in the
shock layer is reabsorbed; this absorption of radiation causes a heating as well as excitation,
ionization and dissociation of the gas ahead of the shock. These changes in the conditions ahead
of the shock in turn might effect the gas behind the shock. The preheating of the gas in the
precursor, as well as the introduction of electrons and ions could potentially increase the rate
at which the gas behind the shock approaches equilibrium. For certain cases, it has been
predicted that the precursor causes significant increases in the radiative heating to the body.!?
The primary objective of this research was to properly model and ascertain the effects of the

precursor ahead of an entry type vehicle in the earth’s atmosphere.

METHOD
Precursor Formulation
For this engineering model, it was decided that treating the earth’s atmosphere as a

nitrogen gas was an acceptable approximation. Due to the predominance of nitrogen in the
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atmosphere, as well as the low levels of radiation present in the strong absorption region for the
oxygen dissociation continuum it is believed that a nitrogen gas will sufficiently model the
absorption of cool air.

In order to determine the effects of the precursor on the gas in the shock layer and the
radiative heat transfer to the body, a computational method and program was developed to solve
the one-dimensional Euler equations for the gas composition, temperature, pressure, density and
velocity on the stagnation streamline in the precursor, including the effects of thermal and

chemical nonequilibrium. The basic governing equations for the inviscid flow in the precursor

region are:
Continuity,
Spv) = 0 (1)
ox
Momentum,
LA | @)
ox ox
Energy,
pvﬂ L A o (3)
ox ox

where, H, is the total enthalpy of the gas given by:

H=h+%w @



and,

)

"'

_ P °

h = '; * E(etr, * €, T Cyip, t o, t €n)
n=1

In the energy equation above, g is the radiative flux; and the term d¢/0x is the change in the
radiative flux due to the absorption of radiation and not that due to the geometry of the problem.
This will be discussed in further detail later in the text.

In order to include the effects of chemical nonequilibrium, a continuity equation for each
species is added to the above set of equations. The dominate chemical reactions in the precursor
region are those due to the absorption of radiation; therefore, the effects of collisional reactions
in the cool precursor are neglected in comparison to the effects of the radiative reactions. The
photoreactions used in this model include the dissociation of molecular nitrogen and the

ionization of both molecular and atomic nitrogen:

N2+hV

;—_)bl 2N
N2 + hV *_—)bz N2+ + e
N+h 2¥3 Nt +e

The species continuity equations are of the form:

i
" “Y, oq
pv—%:—mnf——f-—vav (©6)

where the term on the right hand side is the mass production rate of the nth species due to

radiative reactions. The variable, Y*, ,, in this term is a factor accounting for the proportion of
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the total radiation absorbed at the frequency » which is associated with the production of the nth

species. These terms are given by:

/ / /
Y: _kV1+k"2 Y: k"z
V. - / A /
: k Y Nz k Y
. 21c'vl - k’VS ] k’%
Yo = = = @)
k V‘“ k V‘“
/ /
yo o= Em
V- k/

where the absorption coefficients, ¥/, ;, ¥/, , and ¥/, ; are those associated with the three
radiative reactions above. X/, ,, is the total absorption coefficient for all absorption and emission
processes.
The effects of thermal nonequilibrium are included through the use of an
electron/electronic erergy equation:
0 P - . v:  dq
'a(?veg) = "P,—a; + 2‘5” + W,; - a

nas = YP (kv - AE,, - D) %, ,
AY

+ 8)

i=1 7 hv o0x
o up, low

.S [ Y, (hv - Eg; + Eg) &,

i=1 0 hv ax
where,
T = 0 9)
€ = €. * E(edd * ell)
P n=] "

The last three terms in equation (8) account for the effects of absorption and emission on the free



electron kinetic energy, the electronic energy and the zero point ene%gy.

In this model, the excited electronic states are assumed to be in thermal equilibrium with
the free electrons. This is a good engineering approximation for the shock layer and is
frequently used in this region. However, as discussed by Nelson and Goulard®, in the precursor
region the temperature governing the electronic states is expected to be greater than the heavy
particle temperature but less than the electron temperature. Ideally, a three temperature model
should be used allowing a separate electronic temperature; however, the mechanisms and
expressions for the transfer of energy between the electronic states and free electrons are not
well known or understood. In order to correct for the local thermodynamic nonequilibrium
between the free electrons and the electronic states, a collision limiting correction* is applied
to the populations of the molecular electronic states.

The equation of state for a two temperature gas is necessary in addition to the above

equations to calculate a complete solution. This equation is:

A i p" 1 é pg' 10)
p=pRTY | =2—|+p (T, - T) (
nz;( p M) M. p

n e

where the last term aliows for thermal nonequilibrium between the electrons and the heavy
particles.
Radiative Transfer Calculations

In computing the shock layer radiative phenomena, the usual engineering approach is to
use the tangent slab approximation. Since the ratio of the shock layer thickness to the vehicle
radius or diameter is small, this approach is appropriate. However, in the precursor region

ahead of the shock front, important phenomena occur at significant distances from the vehicle;



7

at these points the radiating shock layer only comprises a small portion of the spherical field of
view. In other words, as the point of interest in the precursor moves away from the shock front,
the radiating shock layer and body do not appear to be infinite slabs and the actual solid angle
over which the radiation should be spatially integrated must be properly computed.

By assuming that there is no emission in the precursor region, it can be shown that the

appropriate expression for the radiative flux at a point in the precursor is:

v A
q, = 2xIVE,(r) [1 - Cos /3___]
(11)

]
7.

+ 27r£ S E (7, -1))d7’ [1 -Cos*B

E,((r,- ;) SecB) - E,(r, Sec)
E3(T, - T:) "E:;(T,)

where 8 is one-half of the angle subtended by the body as viewed from the point in the
precursor. It should be noted that this equation is essentially the tangent slab expression except
that each term has been modified by an attenuation factor which depends upon the vehicle size
and the location of the point of interest. In this equation, the first term in brackets is the
attenuation factor related to the wall radiation and the second term in brackets is the attenuation
factor related to the shock layer radiation. Since it is anticipated that the radiation from the
shock layer, rather than the "cool" wall, is absorbed in the precursor, the present engineering
model utilizes the shock layer attenuation factor on all of the radiative terms. Using this

attenuation factor, the radiative flux in the precursor can be expressed as:

g, = AF, ¢ (12)
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where AF, is the attenuation factor and ¢,” is the radiative flux at the point assuming tangent
slab.

In the species continuity and energy equations, the terms involving the radiation appear
as a divergence of the flux and are defined to account for the absorption and emission of

radiation at a point. However, simple differentiation of equation (12) yields:

TS
aqv - AF aqv s aAFv (13)
ox vooox ox

In this expression, the first term on the right hand side is the change in the radiative flux due
to the emission and absorption of radiation, but the second term is the change due to the
geometry of the problem and should not affect gas. If the second term were included in the
species continuity and energy equations, an essentially transparent radiation would appear to be
absorbed due to the spatial variation of the attenuation factor.

The NASA Langley program, RADICAL, is used to perform the tangent slab radiation
calculations in this model and these results are corrected in the precursor region for the
geometric attenuation of the radiation. RADICAL uses a spectrally detailed absorption
coefficient model and includes the effects of atomic continuum, molecular continuum and atomic
lines. The absorption coefficient model in RADICAL has been modified to include the effects
of absorption in the Lyman-Birge-Hopfield molecular band of nitrogen as well as photoionization
of molecular nitrogen. For the relatively cool nitrogen gas in the precursor region,
photodissociation occurs primarily through absorption in the Lyman-Birge-Hopfield band and

the subsequent predissociation out of the a’HJ excited state.
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The radiative processes included in the calculation of the emission and absorption in the
shock layer and precursor are given in Table 1. In the shock layer, the continuum processes for
molecular and atomic nitrogen, as well as the lines associated with the nitrogen atom are
included. In the precursor region, however, the absorption and emission of radiation through
the atomic lines is neglected; however, absorption through the atomic lines is expected to have
only a small influence on the precursor due to the low atomic concentrations in this region.
Shock Layer Calculations

For this model, the conditions of the gas in the shock layer are found using a viscous
shock layer, VSL, program written by Thompson®.  This program has been modified
extensively by Carlson and Gally® and includes the effects of chemical nonequilibrium, thermal

nonequilibrium, atomic local thermodynamic nonequilibrium and radiative gasdynamic coupling.



Table I: Radiative Processes Included in the Shock Layer and Precursor

Radiative Process

Shock Layer:
Free-Free, Bremsstrahlung

N - Low Frequency Ionization
(Highly excited states)
- High Frequency Ionization
(Ground and first two excited
states)
- Atomic Lines

N, - Birge-Hopfield Molecular Band
- 1st Positive Molecular Band
- 2nd Positive Molecular Band

N,* - 1st Negative Molecular Band

Precursor:
Free-Free, Bremsstrahlung

N - Low Frequency Ionization
(Highly excited states)
- High Frequency Ionization
(Ground and first two excited
states)

N, - Ionization Continuum

- Birge-Hopfield Molecular Band

- 1st Positive Molecular Band

- 2nd Positive Molecular Band

- Lyman-Birge-Hopfield Molecular Band

- Dissociation Continuum
(Adjoining Lyman-Birge-Hopfield
molecular band)

N,* - 1st Negative Molecular Band

Frequency Range (eV)

0.0

0.0

10.8

6.50
0.75
0.75

2.23

0.0

0.0

10.8

8.24
6.5

0.75
0.75
4.77
9.78

2.23

< hy

< hy

< hy

< hy < 12.77
< hy < 45
< hr< 45

< hy 4.46

IA

< hy

< hy

< hy

< hy

< hy < 12.77
<hyr< 4.5
< hy € 4.5
< hy = 9.78
< hy

< hy < 4.46

10
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TYPICAL RESULTS

The results enclosed herein are for the stagnation streamline of a 2.3 m nose radius
vehicle at a velocity of 16 Km/sec and an altitude of 80 Km. These conditions are within the
possible range associated with an aerocapture vehicle returning from Mars. The freestream

conditions associated with this altitude are:

T, = 180.65 K
P, = 10.72 dyn/cm?
P = 1.99x10°% g/cm®

i

Figures 1 to 6 show the heavy particle tenﬂperature, electron/electronic temperature,
pressure, total enthalpy, density and velocity in the precursor for this case; figures 7 to 11 show
the variations of the mass fractions through the precursor for the five species, N,, N,*, N, N*
and e’. The radiative flux through the shock wave for this case was 264.5 Watt/cm®. As can
be seen in figures 5 and 6, the density and velocity were constant in the precursor. This verifies
what was shown by Tiwari and Szema’ and assumed by many other researchers.®®!
Through the precursor region, there was a steady increase in the heavy particle temperature,
pressure and total enthalpy of the gas due to absorption of radiative energy by the gas; however,
for this case the chaﬁges in the heavy particle temperature and total enthalpy were very small.
The increase in these properties was less than one percent through the precursor; the pressure,
on the other hand, increased by greater than five percent.

The variation in the electron/electronic temperature as seen in figure 2 was not the steady
increase exhibited by the other properties. The high electron/electronic temperature far ahead
of the shock wave was a result of the fact that the electrons due to photoionization far from the

shock were created by the absorption of high energy photons. However, as shown in figure 11,



12

in this region there were very few electrons present. The electron temperature increased slightly
to a peak value of 4620 K approximately 740 shock standoff distances ahead of the shock and
then decreased to a value of 3350 K immediately ahead of the shock. This decrease in the
electron temperature in the region from 126 shock standoff distances ahead of the shock to the
shock wave was due to the production of "low" energy electrons in this region. These electrons
resulted from the absorption of photons much closer to the ionization threshold than those
absorbed further from the shock. Since the electron temperature is a measure of the average
energy of the electrons, the introduction of these "low" energy electrons resulted in a decrease
in the average electron energy.

By comparison of the relative magnitudes of the species mass fractions in the precursor,
it can be seen that the dominate photoprocess in the precursor was photoionization of the
nitrogen molecule. The presence of the electrons produced through this process at the elevated
electron temperature discussed above was expected to have the greatest effect on the gas behind
the shock wave.

The frequency variation of the radiative flux through the shock front for this case is
shown in figure 12. As can be seen in this figure, the radiation passing through the shock was
primarily in the infra-red and ultra-violet frequency ranges. The majority of the infra-red
radiation was due to emission by the body; although, a small portion of this was due to the 1st
and 2nd positive molecular bands of the nitrogen molecule, the 1st negative band of the ionized
nitrogen molecule and the atomic lines of the nitrogen atom. The cool gas in the precursor was
essentially transparent to this infra-red radiation; the radiative energy absorbed in the precursor

region was primarily in the ultra-violet frequency range. This radiation was due primarily to
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the Birge-Hopfield molecular band of the nitrogen molecule and the ionization continuum of
atomic nitrogen.

Figures 13 to 21 show the variation of the heavy particle and electron temperatures,
pressure, density and mass fractions for each species through the shock layer both including and
neglecting the effect of the precursor on the conditions directly in front of the shock. From
these figures, it can be seen that the precursor had negligible effect on the shock layer in this
case. The primary effect of the precursor was to change the conditions of the gas immediately
after passing through the shock wave. As can be seen in the figures there was a slight change
in the electron temperature; likewise, the mass fractions for the electrons, atomic and ionic
species were nonzero immediately behind the shock due to the precursor. These changes,
however, had negligible influence on the rest of the flow field. It should also be mentioned that
there was no perceptible change in the radiative flux through the shock or to the wall due to the
precursor for this case.

In addition to the case presented herein, a series of parametric studies will be conducted
over a velocity range of 12 to 16 Km/sec and at altitudes ranging from 70 to 80 Km. This range
of conditions should provide an idea of the precursor effects for a broad range of aerocapture

trajectories.

CONCLUSIONS
Although this precursor model does neglect the effects of collisional chemistry and the
absorption of radiation through the atomic lines, it is believed to be one of the more detailed

models applicable to aerocapture type flow fields. In this analysis, no assumptions are made
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regarding any of the flow field properties in the precursor, as is done in much of the previous
work on precursors. The effects of both chemical and thermal nonequilibrium are included in
this method, and a detailed spectral analysis is used in the calculation of the emission and
absorption of the radiation. This analysis also involves a nitrogen gas in order to model the
earths atmosphere; the majority of the previous work involving monatomic gases.

Although this study dealt with the radiative effects in the precursor region, the terms
developed in this study for mass production rates due to radiative reactions are also applicable
in the shock layer. Likewise, the analysis in this study of the radiative effects on each energy

mode of the gas is applicable in the shock layer.
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